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ABSTRACT 1 

We previously linked interceptive timing performance to mathematics attainment in 5–2 

11-year-old children, which we attributed to the neural overlap between spatiotemporal 3 

and numerical operations. This explanation implies the relationship should persist 4 

through the teenage years. Here, we replicated this finding in adolescents (n = 200, 5 

11-15 years). However, an alternative explanation is that sensorimotor proficiency and 6 

academic attainment are both consequences of executive function. To assess this 7 

competing hypothesis, we developed a measure of a core executive function, 8 

inhibitory control, from the kinematic data. We combined our new adolescent data with 9 

the original children’s data (total n = 568), performing a novel analysis controlling for 10 

our marker of executive function. We found the relationship between mathematics and 11 

interceptive timing persisted at all ages. These results suggest a distinct functional link 12 

between interceptive timing and mathematics that operates independently of our 13 

measure of executive function.  14 

 15 

Keywords: Sensorimotor, inhibition, executive function, cognitive control, motor skill, 
mathematics 

 16 

 17 

NEW AND NOTEWORTHY 18 

Previous research downplays the role of sensorimotor skills in the development of 19 

higher order cognitive domains such as mathematics: using inadequate sensorimotor 20 

measures, differences in ‘executive function’ account for any shared variance. Utilizing 21 

a high-resolution, kinematic measure of a sensorimotor skill previously linked to 22 

mathematics attainment, we show that inhibitory control alone cannot account for this 23 
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relationship. The practical implication is that the development of children’s 24 

sensorimotor skills must be considered in their intellectual development. 25 

INTRODUCTION 26 

A functional link between the development of sensorimotor skills and abstract domains 27 

of cognition has long been postulated. It was Piaget (1) who first suggested the 28 

sensorimotor system provides the necessary foundations upon which higher order 29 

cognitive abilities are built. More recently, neurobiological models of brain organization 30 

have been postulated in which neural circuits for fundamental sensorimotor processes 31 

are exapted for later emerging abstract processes such as language and mathematics 32 

(2-5).  33 

A shared processing account for sensorimotor skills and mathematics 34 

The association between spatial ability and mathematics has been studied 35 

extensively, with a recent meta-analysis finding robust effects in children as young as 36 

3, through to adulthood (6). Perhaps this should come as no surprise, the history of 37 

mathematics is replete with connections between number and space, from the use of 38 

Agrand diagrams to represent complex numbers, to the exploration of high-39 

dimensional space in the optimization of hyperparameters in machine learning. More 40 

than simply a metaphor, our mathematical understanding may be constrained by the 41 

very neural architecture that has given rise to it (2).  42 

 Behavioral and neuroimaging studies are consistent with this theory. For 43 

example, response times to numbers larger in magnitude are quicker when they are 44 

presented on the right than the left (7), the so-called SNARC effect. It has been 45 

suggested numerical operations are conducted on a “mental number line” with 46 

magnitudes increasing from left to right, which requires spatial attention to be directed 47 
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along the number line to perform operations (8). The Intra-Parietal Sulcus (IPS) is 48 

likely the neural locus of these operations, as it shows increased activity during both 49 

numerical (9) and sensorimotor operations (10). More recently, the neural signature of 50 

the SNARC effect has been localized to the IPS (11). This convergence of behavioral 51 

and imaging data points towards a structure supporting the shared processing of 52 

sensorimotor and mathematical operations.  53 

 Research into numerosity perception supports this view. In contrast to a 54 

precise, symbolic representation of number, numerosity is the rapid “number sense” 55 

for approximating the quantity of discrete elements in an array. It is present as early 6 56 

months (12) and is thought to be the precursor to formal mathematical acquisition (13-57 

14). Adaptation studies reveal that after short exposure to a dense array of dots (large 58 

numerosity), participants underestimate the numerosity of a subsequent test array 59 

(15).  These effects appear to hold regardless of the sensory modality of the externally 60 

generated event (16) and can be generated internally through the motor system (17). 61 

Numerosity, the perceptual property that lays the foundation for mathematical 62 

processing, can therefore be thought of as a generalized sense of number that arises 63 

from sensorimotor processes (18).   64 

 We previously found children’s ability to hit moving targets predicted their 65 

mathematics attainment (19). We reasoned successful interceptive timing relies on 66 

internal models of the spatiotemporal properties of the target and effector. Put simply, 67 

one must incorporate accurate estimates of the time taken for both the target and 68 

effector to reach the point of interception into a movement that is initiated at this critical 69 

time (20). Given that spatial and temporal representations may be indistinguishable 70 

(21-22), we should expect similar functional links to exist between mathematical and 71 

temporal representations (19, 22) as between mathematical and spatial 72 
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representations (6). Thus, the “shared processing” hypothesis predicts interceptive 73 

timing performance should be associated with mathematical attainment because 74 

numerical operations emerge from the same cortical networks that subserve the 75 

internal models necessary to successfully intercept targets.  76 

The role of executive function for sensorimotor skill and mathematics 77 

It has been objected that the link between interceptive timing performance and 78 

mathematics is not a genuine functional link. Rather, it may simply reflect a common 79 

role for executive function in both contexts (23). There are three core domains of 80 

executive function: updating; inhibition; and shifting (24-25). Conceptualized as a 81 

cognitive veto, they have been linked to sensorimotor skills (26) and academic 82 

attainment (27-29).  83 

Considering interceptive timing, we would expect inhibition to explain the 84 

largest amount of shared variance with academic attainment. In catching a ball, for 85 

example, it is a requirement to withhold the planned movement until necessary (30, 86 

20). That is of course, providing enough time has elapsed to detect the target’s motion 87 

and plan the corresponding movement. Allowing 200ms for detection (31) and 200ms 88 

for preparation (32), this will be the case in all but the most extreme circumstances. 89 

Moreover, previous trials strongly influence subsequent trials’ timing characteristics 90 

(33), so the inhibition of prepotent responses when the target’s trajectory is slower 91 

than expected is a necessary condition for success; a phenomenon exploited by the 92 

changeup pitch in baseball. Indeed, of the three domains, only inhibition is uniquely 93 

associated with catching performance (34).  94 

There are two levels at which inhibitory control influences academic attainment. 95 

Firstly, the general coordination of updating, inhibition and shifting is tantamount to the 96 
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sequencing and execution of the complex series of actions necessary to perform 97 

linguistic (30) and mathematical operations (28). Secondly, and more specifically, 98 

deficient inhibitory control is associated with difficulties in self-regulating, which can 99 

manifest as behavioral problems in class settings (35) with an adverse effect on 100 

learning and attainment (36). For example, responding before the task is understood, 101 

answering before sufficient information is available, or failing to correct obviously 102 

inappropriate responses (37).   103 

Given that inhibitory control underlies the successful interception of targets and 104 

mathematical attainment, perhaps executive control, and not shared processing, 105 

explains the association (23). This is supported by previous research in which the link 106 

between sensorimotor skills and academic attainment is extinguished when measures 107 

of executive function have been controlled for (38-42). We do not however, believe 108 

that this is sufficient to rule out the shared processing hypothesis. It is possible for 109 

interceptive timing and mathematics to share the same neural circuitry, and for 110 

independent executive control to operate between for both tasks.  111 

If the only neural circuitry common between interceptive actions and 112 

mathematical processing involves inhibiting inappropriate responses, then an 113 

assessment of interceptive timing skills will merely assess their executive functions. 114 

An alternative account is that there is both shared processing for mathematics and 115 

sensorimotor skill, and, independently, a role for inhibitory control in both domains. 116 

The present study  117 

The present study addresses whether the link between interceptive timing and 118 

mathematics is independent from executive control.  Firstly, we replicated our original 119 

study of children (ages 5-11) (19) in a population of adolescents (ages 11-15). We 120 
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reasoned that if the relationship can be explained entirely in terms of executive 121 

functions, we would expect to see it diminished in teenagers because executive 122 

functions contribute more to successful motor performance earlier in development 123 

(43). Alternatively, if shared circuitry contributes beyond executive control, interceptive 124 

timing performance and mathematics attainment should still correlate because the link 125 

between spatial and numerical ability persists from children as young as 3 through to 126 

adulthood (6).  127 

Having confirmed the relationship persisted in our adolescent population, we 128 

subsequently combined these new data with our previous data from school children 129 

(ages 5-11; 19) to confirm it was age invariant. Additionally, from the kinematics we 130 

derived a measure of the executive function we expect to explain the most shared 131 

variance, inhibitory control, to determine unambiguously whether these relationships 132 

operated independently. Further still, we considered a model of English attainment. 133 

We reasoned that if any independent relationship between interceptive timing and 134 

mathematics was a direct consequence of shared processing, it should not be 135 

observed with English attainment. This is because the integration of spatiotemporal 136 

estimates into timed reaching movements utilizes circuitry implicated in the processing 137 

of numerical and not linguistic representations.      138 

MATERIALS AND METHODS 139 

Participants 140 

For the adolescent data, two hundred participants were recruited from a secondary 141 

state school in the City of Bradford, UK. Fifty students from academic years 7 (ages 142 

11-12 years), 8 (ages 12-13 years), 9 (ages 13-14 years), and 10 (ages 14-15 years), 143 

were selected at random to participate. The sample size was determined to yield 144 
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approximately the same number of participants in each year as our previous study in 145 

which the link was originally established (19). Forty-one participants were removed 146 

because they had incomplete or out-of-date attainment records. Thus, our final 147 

adolescent sample comprised 159 participants.  148 

The primary school and adult data were previously collected in 2017 (Giles et 149 

al., 2018). The school children were recruited from a Bradford state primary school. 150 

All primary pupils were invited to participate, with 368 from academic years 1 (ages 5-151 

6 years), 2 (ages 6-7 years), 3 (ages 7-8 years), 4 (ages 8-9 years), 5 (ages 9-10 152 

years), and 6 (ages 10-11 years).  In addition, we recruited a cohort of adult aged 153 

participants from the University of Leeds (n = 22, 15 female, Meanage = 24.76, SDage 154 

= 4.70). Twelve participants were removed from the primary school cohort; eleven 155 

were identified as having special educational needs and one had incomplete task data.  156 

All assessments were conducted in a private room provided by the school. All 157 

participants provided written and informed consent and did not receive compensation 158 

for their time. This study was approved by the School of Psychology Ethics Committee 159 

at the University of Leeds. 160 

Equipment and Stimuli 161 

Participants completed a computerized interceptive timing task. Using a rail-mounted 162 

manipulandum, they had to hit targets of three different speeds (levels: 250mm/s; 163 

400mm/s; 550mm/s) and three different widths (levels: 30mm; 40mm; 50mm), with 9 164 

combinations over 54 trials. The manipulandum was tethered to a linear potentiometer. 165 

The displacement was proportional to the change in voltage sampled at 500Hz using 166 

a National Instruments DAQ (NI-DAQ) device. All stimuli were displayed on a BenQ 167 

XL2720Z gaming monitor (598 x 336mm, 1920x1080p) at 144Hz. The task logic and 168 
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stimuli were programmed in Python (version 2.7.9) by author OTG. The equipment, 169 

stimuli, and procedure were identical to those used in the original study (Fig. 1 and 170 

Giles et al., 2018 for further details) and can be found in an online repository along 171 

with all data and models: https://osf.io/yq2r5/. 172 

Data Processing 173 

 All analyses were conducted after experimental data had been collected. The position 174 

time series from each trial was filtered using a zero-lag, 2nd order, low-pass 175 

Butterworth filter with 10Hz cutoff. The initiation time was the first time the cursor’s 176 

speed exceeded 40mm/s. The movement time was the time elapsed from the initiation 177 

time to the point at which the bat crossed the interceptive plane. We used cubic 178 

interpolation on all positions of the center of the target and the center of the bat, from 179 

initiation time until maximum movement amplitude, to estimate the precise moment 180 

the bat’s center intersected the interceptive plane. Hits were awarded if the difference 181 

between the position of the target and bat was less than half the sum of the width of 182 

the target and bat. Subsequently, the proportion of targets hit by each participant was 183 

found by dividing the number of targets hit by the total number of trials. 184 

INTERCEPTIVE TIMING AND MATHEMATICS IN ADOLESCENTS 185 

Firstly, we considered whether the relationship between interceptive timing and 186 

mathematics persisted into adolescence. 187 

Mathematics attainment 188 

We used standardized attainment scores assigned by subject teachers in 189 

mathematics. These scores were awarded based on recent classwork and internal 190 

assessment and were aligned with the UK national curriculum scale (range 1-9). 191 

Teachers further discriminate ability by dividing each level into three tiers (low, middle, 192 
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high). In our models, therefore, mathematics attainment is considered an ordinal 193 

variable ranging from 1-27.  194 

Analysis 195 

As academic progress is more closely aligned to year group than absolute age, 196 

participant age was grouped by academic year rather than chronological age. 197 

Furthermore, considering year group as an ordinal term may lead to overfitting and 198 

preclude examining interaction effects (44). Thus, year group was centered around 199 

the median and considered a continuous measure so that each increment was 200 

proportionally equivalent. For years 7-10, our centered age ranged from -1.5 to 1.5, 201 

with single unit increments. 202 

The proportion of targets hit by each participant was standardized as a z-score 203 

(mean = 0, sd =1). There were five students who recorded a higher attainment score 204 

than 15 in mathematics (scores: 18, 19, 21, 21, 24). To ensure levels were not 205 

underpopulated, they were grouped into the nearest rounded mean level (score = 21).  206 

A saturated ordinal logistic regression model was constructed to predict 207 

mathematics attainment from all plausible combinations of predictors, including an 208 

interaction between age and task performance. We additionally included gender to 209 

improve our estimates because girls tend to outperform boys academically (45) and 210 

boys performed better on the interception task in our earlier data (19): 211 

  Mathematicsi ~ Ordered(p) 212 

 logit(pk) = αk + βyearYeari + βgenderGenderi + βhitHiti + βyearβhitYeariHiti  213 

Parameters were estimated by Bayesian estimation, using a No-U-Turn 214 

Sample algorithm as implemented in the brms(ver. 2.9.0) package for R (ver. 3.6.0), 215 
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with two chains performing 1000 warmups followed by 2000 iterations (44). To ensure 216 

our estimates were conservative, all parameters were assigned weakly informative 217 

priors (Normal[0, 1]). Chains were visually examined to ensure they converged. The 218 

procedure was then used to fit models in which parameters were systematically 219 

eliminated. The final model, a null model, contained only intercepts for each level of 220 

outcome. The best model was selected by applying the Leave One Out Information 221 

Criterion (LOOIC). Comparative weights were then derived from the LOOIC. The 222 

model with the greatest weight was considered the best fitting, most parsimonious 223 

model considered (44).  224 

The posterior distribution of the best performing model was then inspected. 225 

Parameters with a non-zero spanning 95% highest density posterior interval (HDPI) 226 

were considered significant. For significant parameters, the maximum a posteriori 227 

(MAP) value was interpreted as a point estimate of the mean parameter value. We 228 

could not directly interpret the effect size of parameters as the model employed a 229 

cumulative log-odds link function, which computed the log odds of an observation 230 

yielding an outcome <= k, where k is each possible level of outcome. Therefore, to 231 

quantify how changes in predictors influence mathematics attainment, mean outcome 232 

values were estimated from 1000 samples of the posterior distribution, using the 233 

observed range of the predictor(s) of interest, while holding all other predictors at their 234 

mean value (46).  235 

RESULTS 236 

One-hundred and fifty-nine adolescents performed interceptive actions in a 237 

computerized task over a range of different target speeds and sizes. We found the 238 

number of targets they hit predicted their mathematics attainment independently of 239 
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their age and gender. Considering all combinations of predictors in models for 240 

mathematics, the best performing model (minimum LOOIC, maximum weight) 241 

contained year group, gender and proportion of targets hit, with no interaction effects: 242 

 Mathematicsi ~ Ordered(p) 243 

logit(pk) = αk + βyearYeari + βgenderGenderi + βhitHiti  244 

 The posterior distribution appeared consistent with a multivariate 245 

Gaussian. All parameters except gender (-.386[-.955, .0161]) uniquely predicted 246 

variance in mathematics attainment, with: year group (1.13[.797, 1.38]); and proportion 247 

hit (.666[.356, .975]). 248 

Our estimates of outcome levels from 1000 samples of the posterior distribution can 249 

be interpreted as if they were coefficients from a linear model (46). The MAP estimate 250 

shows that each yearly increase in academic year corresponds to an improvement of 251 

1.97(1.55, 2.34) levels in mathematics per year (Fig. 2a). For comparison, MAP 252 

estimates of the partial effect of the proportion of targets hit show an associated 253 

increase in mathematics attainment of 1.41(.737, 1.98) levels (Fig. 2b) per SD. 254 

Therefore, each SD increase in task performance corresponds to ~7 months’ 255 

improvement in mathematics attainment 256 

THE ROLE OF EXECUTIVE CONTROL  257 

Having replicated the link between interceptive timing and mathematics in an 258 

adolescent population, we combined adolescent data with the data previously 259 

collected from school children (19). Firstly, we wanted to see whether the magnitude 260 

of the relationship was age invariant, a larger association in school children would 261 

imply a larger role for executive functions as executive functions play a greater role in 262 

sensorimotor performance at younger ages (43). Second, we controlled for inhibitory 263 

Downloaded from journals.physiology.org/journal/jn at Univ of Leeds (086.022.057.125) on February 24, 2022.



13 
 

control directly in our models by including a measure derived from the kinematics. We 264 

also considered interceptive timing and inhibitory control as predictors in a model of 265 

English attainment to assess whether the independent contribution of sensorimotor 266 

ability was domain specific to mathematics.  267 

Derivation of inhibitory control measure (false starts) 268 

Marinovic et al (2009) found participants were able to inhibit interceptive movements 269 

if stop signals were presented at least 200ms prior to their initiation, which aligns with 270 

the latency to inhibit movements on other stop signal tasks (47). This latency, or the 271 

stop-signal reaction time (SSRT), is one of the principal measures of (reactive) 272 

inhibitory control and has been linked to academic attainment (48). 273 

 Our task did not explicitly introduce a visual stop cue to inhibit prepotent 274 

initiation responses, however, visual information was still likely used to interrupt or 275 

inhibit premature responses. Approximately 20% of all trials featured movements that 276 

were non-mono-phasic (Fig. 3). These apparent corrections were made despite very 277 

short movement times (~300ms) and the instructions to perform only a single 278 

movement when intercepting the target. 279 

Assuming participants were able to use visual information to interrupt 280 

prepotent initiation on trials where corrections were observed, we expected the same 281 

information was used to inhibit movements on trials where false starts were not 282 

observed (32). Given this information must be available 200ms prior to initiation (32, 283 

47), a measure of inhibitory control can be constructed. Any movement initiated 200ms 284 

prior to our estimate of when participants would correctly initiate their movement is 285 

taken to represent a failure to inhibit a prepotent initiation in response to the visual 286 

information available, or a “trigger failure” of the stop signal (49). We employ the 287 
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proportion of trials on which these false starts occur as our measure of inhibitory 288 

control. 289 

 Estimates of expected initiation times have previously been made by 290 

training participants to hit targets at a fixed movement time and finding the mean 291 

initiation time (32, 50-51). In our task, movement times were completely 292 

unconstrained. If participants were performing the task correctly, it is common to 293 

observe reduced movement times in response to faster, narrower targets (52-53). 294 

Ideally, therefore, separate initiation times should be calculated for each combination 295 

of target speed and width per participant. With just six trials per combination of speed 296 

and width, and a variable amount of hits and ballistic movements, it was impossible to 297 

make reasonable estimates. Accordingly, we grouped trials by speed only, yielding a 298 

maximum of 18 trials per estimate. Speed was chosen, rather than width, because 299 

speed is the more salient visual cue when reducing movement times (54) and 300 

represented a proportionally greater reduction of the timing window per level in our 301 

conditions. Participants with fewer than three successful hits using ballistic movements 302 

at any given speed were excluded from this analysis, (N= 20).  303 

Attainment scores 304 

In the primary school cohort, current attainment scores in mathematics, reading, and 305 

writing, were assigned by class teachers on a curriculum-aligned, standardized linear 306 

scale (range 1-15). The standardized attainment scales for primary and secondary 307 

schools differ, so they were aligned using government grades linking KS2 308 

assessments to GCSE attainment levels (Supplement C). The resulting scale ran from 309 

1-34, with linear progression through academic years 1-10 (Supplement C). To 310 
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compare English assessments between cohorts, the mean of reading and writing was 311 

taken as the overall English attainment score for the primary school.  312 

 As above, participant age was grouped by academic year rather than 313 

chronological age, centered around the median year group. For years 1-10, our 314 

centered age ranged from -4.5 to 4.5, with single unit increments. 315 

Measure validation 316 

We constructed two models to confirm the suitability of our interceptive timing 317 

measure. The first predicted the proportion of targets hit to confirm that performance 318 

increases between the three cohorts were approximately linear and there were no floor 319 

or ceiling effects (Supplement A). The second predicted movement time from target 320 

speed and width to confirm participants of all ages acted optimally by making briefer 321 

movements for targets with greater timing demands (Supplement A).  322 

To confirm the suitability of our inhibitory control measure, we constructed a 323 

model predicting the incidence of false starts based on age, target speed, whether the 324 

trial was preceded by a faster target, and whether the trial was presented earlier or 325 

later in the experimental session. This was to confirm the incidence of false starts 326 

declined with age, correlated with the prepotent response to act earlier based on trials 327 

immediately prior, and was not a feature of initial task exploration (Supplement B). 328 

Academic attainment  329 

The proportion of targets hit and the proportion of false starts were standardized as z-330 

scores (mean = 0, sd =1) so that parameters were directly comparable. As above, 331 

there were five students who attained a higher attainment score than 22 in 332 

mathematics (scores: 25, 26, 28, 28, 31). To ensure levels were not underpopulated, 333 

they were grouped into the nearest rounded mean level (score = 28). A saturated 334 
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ordinal logistic regression model was constructed to predict mathematics attainment 335 

from all plausible combinations of predictors, including all combinations of interactions 336 

with year group: 337 

  Mathematicsi ~ Ordered(p) 338 

 logit(pk) = αk + βyearYeari + βgenderGenderi + βhitHiti + βfsFalseStarti + 339 βyearβhitYeariHiti + βyearβfsYeariFalseStarti + βyearβhitβfsYeariHitiFalseStarti 340 

 The parameters were fit using the same specification as above, with 341 

additional models fit in which parameters were systematically eliminated. The final 342 

model, a null model, contained only intercepts for each level of outcome. As above, 343 

the best model was selected by applying the Leave One Out Information Criterion 344 

(LOOIC) and comparing weights (44).  345 

 The posterior distribution of the best performing model was inspected as 346 

above. Likewise, outcome levels were estimated from 1000 samples of the posterior 347 

distribution to transform parameters to a more intuitive scale. The same procedure 348 

was repeated using English attainment as the ordinal outcome. There was one 349 

participant with an English attainment score of 22, they were placed at 21 to avoid 350 

underpopulated levels.  351 

RESULTS 352 

Measure validation 353 

First, we assessed the suitability of our interceptive timing measure.  Our models of 354 

the proportion of targets hit and movement time show that mean performance 355 

improved linearly with age, with a wide range of performance across groups (Fig. 4), 356 
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and that all ages behaved optimally by making briefer movements in response to 357 

greater timing constraints (Fig. 5). See Supplement A for further details.   358 

Second, we assessed the suitability of our inhibitory control measure. Our 359 

model shows participants made fewer false starts as they got older, made more false 360 

starts on targets that were preceded by a faster target, and did not make more false 361 

starts on earlier trials (Fig. 6). See Supplement B for further details. Confident that our 362 

measures of interceptive timing and inhibitory control were suitable, we considered 363 

them as predictors in models of attainment to partial out their effects.    364 

Academic attainment 365 

We combined our de novo adolescent interceptive timing data (ages 11-15) with 366 

previous data from a primary school (ages 5-11) and considered a kinematic measure 367 

of inhibitory control in models of mathematics and English attainment. We found both 368 

the number of targets hit, and the number of false starts predicted mathematics 369 

attainment independently of age, gender, and each another. Considering all 370 

combinations of predictors in models for mathematics, the best performing model 371 

contained year group, gender, proportion of targets hit, and proportion of false starts 372 

as predictors, with no interaction effects: 373 

 Mathematicsi ~ Ordered(p) 374 

 logit(pk) = αk + βyearYeari + βgenderGenderi + βhitHiti + βfsFalseStarti  375 

 The posterior distribution appeared consistent with a multivariate 376 

Gaussian. All parameters except gender (-.344[-.692, .017]) uniquely predict variance 377 

in mathematics attainment, with: year group (1.38[1.25, 1.52]); proportion hit 378 

(1.32[.993, 1.68]); and proportion of false starts (-.188[-.361, -.009]). 379 
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 Considering estimates from 1000 samples of the posterior distribution, 380 

the MAP values show that for every 1SD increase in the proportion of false starts, 381 

there is an associated change in mathematics attainment of -.259(-.471, -.032) levels. 382 

Conversely, for every 1SD increase in the proportion of targets hit, there was an 383 

associated increase in mathematics attainment of .787(.487, 1.11) levels (Fig. 7). For 384 

comparison, MAP estimates using the partial effect of academic year show an 385 

improvement of 1.67(1.58, 1.77) levels per year. Therefore, each SD increase in task 386 

performance corresponds to ~5.5 months’ improvement in academic attainment and 387 

each SD improvement in inhibitory control corresponds to ~2 months’ improvement in 388 

mathematics attainment. 389 

To determine the specificity of the relationship between mathematics 390 

attainment and interceptive timing performance, we further considered a model of 391 

English attainment. We found that the number of targets hit predicted English 392 

attainment independently of age and gender, but only in participants who made a 393 

significant number of false starts.  The model that minimized the LOOIC contained 394 

parameters for year group, gender, proportion of targets hit, proportion of false starts, 395 

and a hit/false start interaction as predictors, there was also a year group/false start 396 

interaction, though the 95% HDPI was non-significant (-.114[-.169, .000]): 397 

 Englishi ~ Ordered(p) 398 

 logit(pk) = αk + βyearYeari + βgenderGenderi + βhitHiti + βfsFalseStarti + 399 βyearβfsYeariFalseStarti + βhitβfsHitiFalseStarti  400 

   Visual inspection of the posterior distribution revealed a multivariate 401 

Gaussian. Year group (1.39[1.26, 1.52]), gender (-1.07[-1.42, -.727]), proportion of 402 
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targets hit (.360[.129, .583]), proportion of false start movements (-.294[-.486, -.098]), 403 

and the hit/false start interaction (.228[.064, .386]) were all significant.  404 

 As for the previously reported ordinal logistic regressions, the mean 405 

outcome level was estimated from 1000 samples of the posterior distribution. 406 

However, because the hit/false start interaction was non-zero, estimates were made 407 

at three levels of false start movements (proportion = .0, .1, .2), while varying hit 408 

proportion over a range of z-scores (Fig. 8).  409 

 At zero false starts, the MAP estimate shows that for every 1SD increase 410 

in the proportion of targets hit, there is an associated non-significant increase in 411 

English attainment of .074(-.238, .452) levels. At a proportion of .10 false starts, there 412 

is an associated increase in English attainment of approximately .388(.133, .623) 413 

levels per 1SD increase hit performance. Finally, each 1SD increase in hit 414 

performance at .20 false starts was associated with an increase of .627(.338, .881) 415 

levels. Notably, when no false start movements are made, the 95% HDPI spans zero 416 

(Fig. 8), indicating no relationship between hit performance and English attainment. In 417 

summary, the relationship between interceptive timing performance and English 418 

attainment is mediated by inhibitory control such that those with increasingly poorer 419 

inhibitory control have a greater association between their task performance and 420 

English attainment. However, there is no relationship between interceptive 421 

performance and English between those who do not make false starts. 422 

DISCUSSION 423 

The link between sensorimotor skills, academic attainment and executive function was 424 

examined using an interceptive timing task. Replicating our original study with 425 

adolescents, we found interceptive timing performance predicted mathematics 426 
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attainment in this older age group. Combining this with our original data (19) and 427 

extracting a kinematic measure of inhibitory control, we found interceptive timing 428 

performance uniquely predicted mathematics (and not English) attainment for all levels 429 

of inhibitory control, with no age mediated effects.  430 

 Previous research has downplayed any functional link between sensorimotor 431 

skills and school attainment, because of the confounding effects of executive functions 432 

(23, 38-42). The present results, however, suggest executive function does not 433 

account for the association between interceptive timing and mathematics. Firstly, the 434 

link persisted at all ages (5-15 years old) with no age interactions. If executive 435 

functions were overwhelmingly responsible, we would have expected the relationship 436 

to diminish in older participants because executive functions have been shown to 437 

contribute less to successful motor performance with age (43). Therefore, we suggest 438 

the shared variance is accounted for by an alternative, age invariant mechanism. A 439 

common neural circuitry between spatiotemporal and numerical operations (5, 8, 11) 440 

is a strong possibility because behavioral links have been shown to persist in children 441 

as young as 3 through adulthood (6).  442 

 That is not to say executive functions play no role. We have shown that 443 

interceptive timing and inhibitory control independently contribute to attainment in 444 

mathematics. It is likely previous studies (38-42) failed to find this link because they 445 

used the MABC2 (55) to assess sensorimotor skills. The MABC2 is a brief battery of 446 

several broadly construed sensorimotor domains, designed to identify movement 447 

impairments on a single binary scale (impaired or not), and not as predictors in 448 

parametric models. Our task, however, produced a granular measure of a single 449 

sensorimotor domain, interceptive timing, with no floor or ceiling effects from 5 years 450 
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old to adult (Fig. 4), eliciting stereotypical differences in movement times (~50ms) in 451 

response to increased timing demands (52-53) at all ages (Fig. 5). 452 

 It is important to emphasize the shared processing hypothesis does not rule out 453 

a role for executive control, in fact, it predicts it; some level of external control 454 

(inhibitory or otherwise) must operate to generate qualitatively different cognitive 455 

processes from common neural substrates. This relationship may be causal in nature, 456 

with sensorimotor interactions laying the neural foundation from which mathematical 457 

processes later emerge (2-3). Thus, just as the perceptual foundation of mathematics, 458 

numerosity, appears to be imbricated in temporal representation (18, 22), our findings 459 

hint further a functional link between sensorimotor skills that require accurate temporal 460 

estimates and later mathematical proficiency.  461 

 Our model of English attainment supports this interpretation because the 462 

variance it shared with interceptive timing was not independent from our measure of 463 

inhibitory control. Rather, interceptive timing ability only predicted English attainment 464 

for those individuals that made more false starts (Fig. 8). Accordingly, we have some 465 

confidence that the variance between mathematics and interceptive timing arises from 466 

the specificity of the overlap between mathematical and spatiotemporal processing 467 

because independent variance does not exist between interceptive timing and an 468 

alternative domain of attainment for which we did not hypothesized neural overlap.  469 

 We predicted there would be variance in attainment shared between inhibitory 470 

control and interceptive timing if it arose from executive processes necessary to 471 

support a shared neural architecture, rather than as a direct consequence of that 472 

neural architecture. One possibility is the link between interceptive timing and English 473 

attainment may reflect the role of latent attentional processes. Interceptive control 474 
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shifts towards feedback mechanisms when there is more time to act between initiation 475 

and interception (58), which we observed in response to false starts (Fig. 3). 476 

Therefore, when false starts are made, hitting performance is aided by attentional 477 

processes overseeing the ability to make guided corrections (59). Differences in hitting 478 

performance in those that make more false starts, therefore, might be accounted for 479 

by differences in attention, and this could explain differences in English attainment.  480 

 This interpretation is consistent with a broader view of shared processing, in 481 

which sensorimotor circuits can be exapted for other abstract processes such as 482 

linguistic and semantic representation (2, 4). If sensorimotor and linguistic processes 483 

share the same circuitry, processes implicated in circuit selection, for example, 484 

attentional modulation of interneurons (60), are likely to explain variance shared 485 

between the two. Moreover, just as the ability to integrate temporal estimates into 486 

timed movements independently predicts mathematics attainment, there may be 487 

features specific to other sensorimotor skills that could establish an independent link 488 

with the acquisition of language. Future work must carefully consider alternative 489 

sensorimotor measures to confirm the domain specificity of relationships with 490 

attainment that are independent from executive control. 491 

 Of course, our interpretation must be met with a degree of further caution, and 492 

a longitudinal study is required to confirm causal mechanisms. Indeed, the extent to 493 

which early sensorimotor interactions define later attainment remains unclear, and 494 

though shared processing suggests interceptive timing is a contributory cause towards 495 

mathematics attainment, the causal relationship extends only as far as any functional 496 

overlap between the neural substrates for the respective tasks. To be clear, there are 497 

a multitude of processes in each domain unlikely to be meaningfully linked, and we do 498 

not suggest improvement in interceptive timing necessarily yields in-kind 499 
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improvements in mathematics (or vice-versa). Ultimately, the practical implications of 500 

this research are likely to be limited to the more precise identification of barriers to 501 

children’s mathematical development. For example, helping to distinguish between 502 

executive or representational deficiencies.  503 

 Additionally, without better measures of executive control, we cannot discount 504 

the possibility that any independent relationship is a consequence of the executive 505 

processes involved in task execution being distinct from those responsible for stopping 506 

task execution. While our kinematic measure of inhibitory control successfully met 507 

several empirical assumptions, overall incidence of false starts was low (Fig 6.), and 508 

stop-signal reaction time, estimated from participants inhibiting movements in 509 

response to stop cues, is the gold standard measure of reactive inhibition (56). 510 

Furthermore, it has been suggested proactive inhibition (i.e., the tendency to delay 511 

response under the uncertainty of whether a stop cue is going to be presented) may 512 

be the more relevant sub-domain when considering naturalistic behaviors and atypical 513 

development (30). Similarly, we did not take measures of updating and shifting. And 514 

while inhibitory control is likely a fair marker of executive function overall - inhibition is 515 

highly correlated with updating and shifting, perhaps even indistinguishable (25, 57) - 516 

additional measures may share further variance. Finally, therefore, reactive and 517 

proactive measures of inhibition, and measures of updating and shifting, are needed 518 

if we are to demonstrate unambiguously a direct link between interceptive timing and 519 

mathematics attainment. 520 

 In conclusion, combining adolescent and primary school data and considering 521 

trials on which false starts were made, we found while the relationship between 522 

interceptive timing and English attainment was mediated by inhibitory control, the 523 

relationship with mathematics was not. This supports a shared processing view in 524 
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which a common neural architecture is implicated in both sensorimotor and more 525 

abstract domains of cognition. More specifically, it is consistent with the idea 526 

sensorimotor circuits are exapted for later emerging mathematical processes. 527 

Nevertheless, further research is required to unambiguously characterize this as a 528 

domain specific, causal relationship that emerges as a direct consequence of shared 529 

processing, rather than from the executive processes necessary to support shared 530 

processing.  In the absence of longitudinal studies deploying adequate sensorimotor 531 

measures that account for domain specific associations in attainment in terms of 532 

executive functions, we maintain there is a distinct functional link that cannot be 533 

explained in terms of general processes.  534 
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 735 

FIGURES 736 

Figure 1. Task schematic. a) Participants were instructed to hit targets with 9 different 737 

combinations of speed and width using a rail mounted manipulandum constraining movement 738 

to 1 degree of freedom. b) Examples of Early (top), Hit (middle), and Late (bottom) errors. 739 

Interception (left) is the instance the cursor reaches the interceptive point, with the upper edge 740 

of the cursor meeting the plane continuous with the lower edge of the bat. The timing error is 741 

calculated as the displacement between the center of the target and the bat, divided by the 742 

target speed. Feedback (right) depicts the feedback given. On misses (i.e. top and bottom) 743 

the target stops the moment the cursor crosses the interceptive point. On hits the target turns 744 

red and spins anti-clockwise.  745 

Figure 2. Marginal posterior distribution of the mathematics attainment model in 746 

adolescents. a) Partialled main effect of age. b) Partialled main effect of proportion of targets 747 
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hit. Left: fine lines represent a single sample (100 shown for each estimate) of the posterior 748 

distribution, with the bold red line the MAP estimate. Right: the corresponding distribution of 749 

slope values. The red vertical line represents the MAP estimate, the shaded area under the 750 

curve is the 95% HDPI.   751 

Figure 3. Visualising corrected movements. Panels a-c show characteristic velocity-time 752 

profiles for different movement types. Numbers correspond to the peaks identified and the red, 753 

solid lines represent the initiation time (IT): a) Ballistic movement – a single velocity peak; b) 754 

Smoothly corrected movement – multiple peaks whose velocity never dips below the initiation 755 

threshold (40mm/s); c) Start-stop movement – multiple peaks with a sub-threshold velocity 756 

prior to the interceptive movement. The orange, dotted line represents the IT of the interceptive 757 

movement; d-e) The proportion of trials featuring ballistic(blue), smoothly corrected(green), 758 

and start-stop(magenta) movements for each cohort (Primary = 5-10 years old; Secondary = 759 

11-15; Adult = 18+). 760 

Figure 4. Model of interceptive timing performance. a) The effects of age. Left: Performance 761 

increases with age. Large dots represent observed mean year group performance; small dots 762 

represent individuals. Dots are coloured according to cohort; red, primary school; green, 763 

secondary school; blue, adult. Adults are placed at year 13 (i.e. the academic year which 764 

would include 18 year olds). The thick blue line represents MAP value of posterior distribution 765 

at each level of academic year, with light blue shadow representing 95% HDPI. Right: 766 

Posterior distribution of parameter estimate for academic year. Each year corresponds to ~3% 767 

improvement. The red line represents MAP value, shading under curve is the 95% HDPI. b) 768 

Fewer fastest targets were hit. Left: Posterior distribution of intercepts for the slowest and 769 

fastest targets. Large dot represents MAP value with error bars at 95% HDPI. Right: Posterior 770 

distribution of performance difference between fastest and slowest targets. c) Fewer 771 

narrowest targets were hit. Left: Posterior distribution of intercepts for the widest and 772 

narrowest targets. Large dot represents MAP value with error bars at 95% HDPI. Right: 773 

Posterior distribution of performance difference between narrowest and widest targets. 774 
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Figure 5. Model of movement time. a) The effects of age. Left: Movement time is not affected 775 

by age. Large dots represent observed mean year group performance; small dots represent 776 

individuals. Dots are colored according to cohort; red, primary school; green, secondary 777 

school; blue, adult. Adults are placed at year 13 (i.e. the academic year which would include 778 

18 year olds). Right: Posterior distribution of parameter estimate for academic year. HDPI 779 

interval is zero spanning.  Red line represents MAP value, shading under curve is the 95% 780 

HDPI. b) Briefer movements were made at faster target speeds. Left: Posterior distribution of 781 

intercepts for the slowest and fastest targets. Large dot represents MAP value with error bars 782 

at 95% HDPI. Right: Posterior distribution of movement time difference between fastest and 783 

slowest targets. c) There was no change in movement time for different widths. Left: Posterior 784 

distribution of intercepts for the widest and narrowest targets. Large dot represents MAP value 785 

with error bars at 95% HDPI. Right: Posterior distribution of movement time difference 786 

between narrowest and widest targets. 787 

Figure 6. Classifying and modelling false start movements. Top: Each trace represents all 788 

trials at one of the three target speeds (i.e. 18 total). Both plots are from the same participant 789 

at the same speed. a) Calculating the mean initiation time (IT). Blue traces are ballistic 790 

movements on which a hit was recorded. Magenta traces are those that were non-ballistic 791 

and/or missed. The orange trace shows the mean aggregate solution from which the IT was 792 

derived. b) False starts. The dotted line shows the 200ms threshold prior to initiation before 793 

which participants can inhibit their movements. Thus the red traces are those that are 794 

classified as false starts (inhibitory “trigger failures”). Bottom: Observed and modelled false 795 

starts. c) The total proportion of early movements at each level of age, target speed, speed 796 

transition, and block of the experiment. d) Parameter estimates from our model of false starts 797 

for age (reference level: secondary school), target speed (reference level: 400mm/s), speed 798 

transition (reference level: false) and block of the experiment (reference level: early). The 799 

central red line represents the MAP, with the shaded area containing the 95% HDPI. 800 
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Figure 7. Marginal posterior distribution of the Mathematics attainment model shows that math 801 

attainment is positively associated with task performance and negatively associated with false 802 

starts. a) Main effects of proportion of targets hit, and proportion of targets with false starts. 803 

Math attainment outcomes were estimated by varying proportion of targets hit (blue) and 804 

proportion of false starts (magenta) while holding all other values at their mean. Fine lines 805 

represent a single sample (100 shown for each estimate), with the bold line the MAP estimate. 806 

b) The distribution of slope values from a. The thick vertical line represents the MAP estimate, 807 

the shaded area under the curve the 95% HDPI. 808 

Figure 8. Marginal posterior distribution of the English attainment model shows attainment in 809 

English is not associated with task performance when no false starts are made. a) Hit/false 810 

start interaction. English attainment outcomes were estimated by varying proportion of 811 

targets hit at three levels of false starts (left to right: .0, .1, .2) Fine blue lines represent a 812 

single sample (100 shown for each estimate), with the bold, magenta line the MAP estimate. 813 

b) The distribution of slope values from above. The thick, magenta line represents the MAP 814 

estimate, the shaded area under the curve the 95% HDPI. When no false starts are 815 

made(top), we do not have 95% certainty there is a non-zero relationship between hitting 816 

performance and English attainment. 817 
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Sensorimotor ability and inhibitory control independently predict 
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